The TspO outer membrane protein of Rhodobacter sphaeroides has been shown to be involved in controlling the transcription of a number of genes which encode enzymes involved in photopigment biosynthesis and the puc operon. The display of regulated genes appears identical to those genes encompassing the PpsR/AppA repressor/antirepressor regulon, although the effect of TspO is modest relative to that of PpsR/AppA. To directly address the hypothesis that TspO is effective through the PpsR/AppA system, we constructed mutant strains with mutations in both tspO and appA. In all cases, the phenotypes examined resembled those of the appA lesion by itself, leading us to conclude that TspO works through or modulates the PpsR/AppA system and acts upstream of the site of action of these regulatory proteins. In earlier publications, we had suggested that TspO is involved in the efflux of a certain intermediate(s) of the porphyrin biosynthesis pathway and that transcriptional regulation of target gene expression could be explained by the accumulation of a coactivator of AppA function. Although the data reported here do not precisely identify this coactivator, they lend support to this hypothesis. We discuss the importance of this form of gene control as the result of the recent extension of the TspO system to Sinorhizobium meliloti, as described by Davey and de Bruijn (M. E. Davey and F. J. de Bruijn, Appl. Environ. Microbiol. 66:5353-5359, 2000). It is therefore possible that this system constitutes a more widely, although not universally, demonstrated form of gene regulation.
Rhodobacter sphaeroides 2.4.1 is a facultative photoheterotrophic bacterium which is remarkably versatile in its growth abilities (1) . The photosynthetic apparatus, including the lightharvesting complexes I (B875) and II (B800-850) as well as the reaction center, is induced in response to variations in oxygen tension, and the levels of its components are ultimately determined by light intensity (11) . Previous reports have shown that the PrrBA two-component activation system, FnrL, the PpsR/ AppA repressor/antirepressor system, and the outer membrane-localized TspO protein are all required to regulate the orderly expression of photosynthesis (PS) genes (34) .
The outer membrane-localized TspO protein of R. sphaeroides 2.4.1 was shown previously to negatively modulate, albeit partially, the transcriptional expression of those PS genes (e.g., puc, crtA, and crtI) which are also under the control of the PpsR/AppA repressor/antirepressor system (30, 31, 32, 33) . The PpsR/AppA system extends maximal control over those genes comprising this regulon, whereas TspO only modulates the expression of these same genes. This is in keeping with the observation that TspO is only transiently effective as cells proceed from aerobic to anaerobic growth. TspO shows a high degree of homology to the mammalian mitochondrial peripheral benzodiazepine receptor, which binds benzodiazepines as well as dicarboxylic porphyrins with nanomolar affinity and which may function as (part of) an anion channel across the outer mitochondrial membrane for the import-export of intermediates in tetrapyrrole biosynthesis (17, 20, 21, (28) (29) (30) (31) . Our studies additionally suggested that TspO may be involved in the efflux of critical tetrapyrrole intermediates from R. sphaeroides 2.4.1 by forming a functional dimer in the outer membrane (30, 32) , and we have elsewhere proposed a model for TspO action involving these intermediates (19, 32) . We have also shown that the rat peripheral benzodiazepine receptor protein expressed in R. sphaeroides behaves like the bacterial TspO (33) .
Because TspO appears to modulate exclusively the genes of the PpsR/AppA repressor/antirepressor regulon, we posed the question whether TspO activity is dependent or independent of PpsR/AppA. Disruption of appA encoding the antirepressor AppA was shown to lead to a substantially decreased expression of many PS genes and impaired production of both pigments and proteins comprising the spectral complexes. It has been demonstrated previously that AppA contains a bound flavin adenine dinucleotide which could allow it to function as a redox-sensing partner, communicating the redox state of the quinone pool (19) by directly interacting with PpsR (6) (7) (8) .
Since the proposed inactivation of PpsR by reduced AppA cannot take place in an AppA mutant strain (8, 19) , the repressor PpsR remains fully functional even at low oxygen tensions, hence the maximal repression of this regulon due to a fully functional PpsR in the absence of AppA.
Thus, we reasoned that if TspO acts through the repressor/ antirepressor system, it should be possible to demonstrate this relationship genetically. Because TspO only partially affects the genes of this regulon, the effects of TspO are modest but consistent. In the present study, we have constructed double mutant strains with tspO and appA, as well as tspO and puc, mutations in an effort to more precisely elucidate the role of TspO in the regulatory network controlling PS gene expression in R. sphaeroides.
MATERIALS AND METHODS
Bacterial strains and plasmids. Strains and plasmids used in this work are listed in Table 1 . R. sphaeroides 2.4.1 and the derived mutant strains were grown in Sistrom's minimal medium A containing 0.4% succinate as carbon source (1) as described previously (3) . Antibiotics were added to the indicated final concentrations: kanamycin (KAN), 50 g/ml; spectinomycin, 50 g/ml; streptomycin, 50 g/ml; tetracycline, 1 g/ml; and trimethoprim, 50 g/ml. Aerobic cells were grown under continuous sparging with a mixture of gases, 69% N 2 -30% O 2 -1% CO 2 . Semiaerobic cells were grown by sparging with a gas mixture of 97% N 2 , 2% O 2 , and 1% CO 2 . Anaerobic cells were grown in screw-cap glass tubes with dimethyl sulfoxide (DMSO) (0.5% [vol/vol] ) and yeast extract (1% [vol/vol] ) in the dark.
Escherichia coli strains were grown at 37°C in Luria broth (14) . Antibiotics were added at the indicated final concentrations: ampicillin, 50 g/ml; KAN, 50 g/ml; spectinomycin, 50 g/ml; streptomycin, 50 g/ml; tetracycline, 10 g/ml; and trimethoprim, 50 g/ml.
Protein determination. Protein concentrations were determined using the bicinchoninic acid protein assay (Pierce, Rockford, Ill.) with bovine serum albumin as the standard.
␤-Galactosidase assay. R. sphaeroides cultures were grown to a cell density of approximately 1.8 ϫ 10 8 cells/ml, and chloramphenicol was added to a final concentration of 80 g/ml. ␤-Galactosidase activity in the cell extracts was measured in three independent experiments as described previously (13) . The activity of ␤-galactosidase is expressed in units, where 1 U is equal to 1 mol of o-nitrophenyl-␤-D-galactopyranoside cleaved/min/mg of protein.
Cell fractionation and spectrophotometric assays. The cell crude extracts were prepared by the method of Tai et al. (26) . R. sphaeroides cells were collected by centrifugation at 3,000 ϫ g for 15 min, resuspended in ICM buffer (10 mM K 2 HPO 4 -KH 2 PO 4 and 1 mM EDTA, pH 7.0), and then disrupted by passage through a French pressure cell (Aminco, Urbana, Ill.). Cell crude extracts were obtained by centrifugation at 16,000 ϫ g for 15 min two times to remove unbroken cells and cell debris. All of the above steps were performed at 4°C. Absorption spectra were analyzed on a UV 1601 PC spectrophotometer (Shimadzu Corp., Columbia, Md.). Equivalent protein concentrations of cell crude extracts were used when the spectral profiles of different strains of R. sphaeroides were compared. The amount of B800-850 and B875 light-harvesting complexes was determined as described elsewhere (16) . Photopigments were extracted with acetone-methanol (7/2 ratio [vol/vol]) from cell pellets as described elsewhere (1) .
Construction of ⍀ cartridge insertion-tspO disruption strain. APP11 or PUC-ZWT was used as the recipient for plasmid pUI1110, in which tspO was disrupted by inserting an ⍀ cartridge encoding KAN resistance. Matings were conducted on Luria broth solid medium, and exconjugants were then plated on selective media containing KAN for recipients of pUI1110. Recombinant strains with double crossovers were screened by selecting individual exconjugants for tetracycline sensitivity and KAN resistance. Plasmids were mobilized by biparental matings from E. coli S17-1 strains into R. sphaeroides as described elsewhere (3) .
DNA manipulation and sequence analysis. Standard protocols or manufacturer's instructions were followed for plasmid isolation, restriction endonuclease digestion, isolation of DNA fragments from gels, ligation, and other molecular biological techniques (14, 23) . Sequence analyses were performed with the computer programs DNA Strider (Institut de Recherche Foundamentale, Commissariat a l'Energie Atomique, Paris, France).
Southern hybridization. Total genomic DNA was isolated from R. sphaeroides 2.4.1 by a method described elsewhere (23) . Genomic DNA was digested with the restriction enzyme BamHI, and 0.5-kb 32 P-labeled BssHI-KpnI fragments of pUI1124 were used as radioactive probes. Southern hybridization was performed using the standard techniques (23) . Labeling and detection were performed with an Instant Image instrument (Parkard Co.) following the manufacturer's instructions.
HPLC analysis of porphyrins. Growing cells were collected at a cell density of approximately 1.8 ϫ 10 8 cells/ml. Resting cells were prepared as described elsewhere with slight modification (30), 5-aminolevulinic acid (ALA) was added to a final concentration of 0.2 mM, and semiaerobically grown cells were incubated in 0.1 M phosphate buffer (pH 7.0) for 6 h by sparging with 97% N 2 -2% O 2 -1% CO 2 . Extraction of the porphyrin precursors excreted by resting and growing cells of R. sphaeroides was performed according to the method described previously (9, 22, 30) . For extraction of porphyrin precursors within cells, resting or growing cells were collected by centrifugation at 10,000 ϫ g for 15 min and washed two times with 0.1 mM potassium phosphate buffer. The cells were resuspended by adding 1 ml of concentrated HCl and vortexing for 2 min and then mixed thoroughly with 3 ml of ethyl ether by vortexing, followed by adding 3 ml of water and mixing again. To avoid undue alteration of protoporphyrin IX, water was added within 10 min. The mixture was centrifuged at 16,000 ϫ g for 10 min, and the lower aqueous acid layer was used to detect the total porphyrin precursors produced by the cells according to the method of Rossi and Curnow (22) . To prepare samples for high-performance liquid chromatography (HPLC) analysis, the aqueous layer was adjusted to pH 3.5 with sodium acetate, 0.2 g of talcum powder was added and mixed thoroughly, and the talcum was collected by filtration in a small (5-cm) Buchner funnel and washed two times with 10 ml of deionized water. Porphyrin precursors were eluted with 2 ml of a mixture of acetone-0.1 N HCl (9:1 [vol/vol]), and the acetone was evaporated under nitrogen at 45°C for 30 min to obtain the remaining HCl solution containing porphyrin precursors. Before HPLC analysis, the samples were treated with an equal volume of benzoquinone (6 mg/ml in ethyl ether) to oxidize porphyrinogens to porphyrins (24, 27) , the aqueous layer was centrifuged at 16,000 ϫ g for 10 min, and supernatant was taken for HPLC analysis. HPLC analysis was performed on an SAS Hypersil (Keystone Scientific Inc., Bellefonte, Pa.) reversed-phase column 
RESULTS
Construction of ⍀ cartridge insertion-tspO disruption strain. Mutations of tspO were crossed into either a PucB mutant strain, PUC-ZWT, which does not make light-harvesting complex II, or into an AppA mutant strain, APP11, which is altered in the trans-acting factor AppA, involved in the regulation of PS gene expression in R. sphaeroides (6) . Since the loss of AppA results in substantially decreased PS gene expression for those genes under PpsR control, we reasoned that, if TspO operates independently of the PpsR/AppA system, then the loss of TspO should result in partially increased pigment production and gene expression in an AppA mutant background (30) (31) (32) (33) . This effect of a TspO mutation can at best be only partial, since TspO modulates only the affected PpsR/ AppA regulon, unlike the AppA gene. On the other hand, if TspO acts through the PpsR/AppA system, loss of TspO in an AppA mutant, should resemble the AppA mutant. Thus, we are employing classic epistasis experiments to determine if TspO acts through the PpsR/AppA regulon. Figure 1 presents a model depicting the proposed interaction of PpsR, AppA, and TspO.
Since the puc operon is part of the PpsR/AppA regulon and is partly controlled by the PpsR/AppA system, it was incorporated into these studies as a control. The double mutants PUCB-TSPO and APP-TSPO were obtained by replacement of the wild-type tspO gene with the ⍀ cartridge insertion-tspO (tspO⍀) in mutants PUC-ZWT and APP11, respectively. The disruption of tspO in the mutants was confirmed by hybridization of a radioactively labeled BssHI-KpnI fragment derived from pUI1124 to genomic DNA from the mutants. The pucBcontaining mutant strain PUC-ZWT was used since, in addition to inactivating the structural gene(s) of the puc operon, the disruption of pucB incorporates lacZ downstream of the puc operon promoter. Table 2 shows the results of an analysis of the spectral complexes derived from the wild-type strain R. sphaeroides 2.4.1 and its mutants grown anaerobically in the dark with DMSO. As shown in Table 2 , there is a small but significant increase in spectral complex formation in TSPO1 compared to wild type as the result of increased pigment production in the TspO mutant strain (31) . The double mutant strain involving tspO and pucB produced the same spectral profiles as the single mutant PUC-ZWT, in which the formation of the B875 complex is virtually unaffected by either mutation, although the B800-850 complexes are removed. Introduction of multiple copies of tspO partially suppressed photosynthetic complex formation in the double mutant strain PUCB-TSPO as well as in mutant TSPO1; the latter observation together with those for wild type had been reported previously and revealed that tspO is functional (31), i.e., multiple copies of tspO partially suppress pigment gene expression by removing the proposed coactivator of AppA, according to our model ( Fig. 1) .
As reported earlier, mutation of appA under these conditions leads to the absence of expression of the PS genes and impaired production of the photosynthetic complexes (6). Importantly, for these studies, the combination of the appA and tspO mutations resulted in levels of spectral complexes identical to levels observed for appA alone, i.e., the appA lesion is epistatic to the tspO mutation and resembles the appA mutation alone. Thus, had additional levels of spectral complexes been induced, even low levels, such as observed when comparing TSPO1 and R. sphaeroides 2.4.1 by the presence of the TspO lesion, these would have been readily observable against the background levels for the appA lesion alone. In the presence of extra copies of tspO, the AppA mutant strains were not further affected, since their levels were already minimal, unlike the results with the PucB mutant. This is certainly to be expected, since the AppA lesion already yields basal levels of spectral complexes. Thus, at the level of spectral complex formation, the AppA null mutation is dominant to the TspO null mutation, suggesting that the effect of the tspO lesion is not independent of the appA lesion and that if TspO acts through the PpsR/AppA system, it is upstream of the repressor/antirepressor in this pathway (Fig. 1) . Again, we must point out that TspO only modulates PS gene expression, i.e., its effect is modest but readily recognizable under the appropriate experimental conditions.
The effect of tspO in an appA null mutation of R. sphaeroides. We further reasoned that if a defective tspO exerted its partial effect (derepression) on selective PS gene expression through the selective activation of AppA of the PpsR/AppA system (6-8, 30, 32) , then, in the absence of a functional AppA, we would not expect to witness an inactivation of the PpsR repressor but would see full PpsR repressor activity. Hence, the appA mutation should be epistatic to the tspO lesion. The experiment could not be performed in a PpsR-defective strain, since the genes of the PpsR/AppA regulon are fully induced in this mutant background and the partial effect of a TspO lesion is hence not observed. To assess the relationship between TspO and AppA, we compared the accumulations of bacteriochlorophyll (Bchl) and carotenoid (Crt) in the double mutant APP-TSPO and App11 under semiaerobic and anaerobic conditions ( Table 3 ). The results of these experiments involving appA are unambiguous when taking into account the partial role of TspO and the trends and consistency of the results; the effect of the appA mutation on photopigment production under any condition is dominant to the presence of the tspO lesion, which by itself yields increased photopigment production, in keeping with increased spectral complex levels. Bchl and Crt determinations can be made very sensitive, depending upon the volume of culture extracted.
To obtain further insight into the possible effect of the tspO mutation in an AppA null mutant, a puc::lacZ fusion was introduced in trans into the different mutant strains (Table 4) . Since the effect of the tspO mutation on target gene expression is at the level of transcription (30) (31) (32) , this analysis should reveal the true nature of the interaction with members of the PpsR/AppA regulon. The results of these studies demonstrate that the appA mutation is epistatic to the tspO mutation on puc operon expression, regardless of growth conditions. These studies more accurately reveal the modulating effect of TspO on expression of the PpsR/AppA regulon, compared to the complete effect of AppA (Fig. 1) .
The effect of hemN in trans on PpsR/AppA regulon expression. We have previously shown that the presence of hemN in trans at approximately five copies in the wild type produces an effect on PS gene expression similar to that produced by the tspO mutation and that extra copies of tspO together with hemN compromise this effect (30) . These observations are entirely consistent with the model shown in Fig. 1 . The results of such an experiment are depicted in Fig. 2 . The extent of derepression of puc expression induced by extra copies of hemN in trans in wild type is nearly identical to that in the absence of the tspO locus, and these differences are not additive (30) , as shown previously. This result led us to investigate the role of porphyrins in a TspO mutant (30) . Of importance here is that, when multiple copies of hemN or both hemN and tspO are provided to APP11 or APP-TSPO, puc operon expression remains at basal level and little difference is observed between semiaerobic and anaerobic conditions (Fig. 2) . This result strengthens our earlier conclusion, namely, that TspO operates through the PpsR/AppA repressor/antirepressor circuit and that the effect of hemN in extra copy is mitigated by the mutation of appA, consistent with our proposed model in Fig. 1 . Since the effects of hemN and tspO mutations appear to operate through the same regulatory pathway (30) , then this pathway is more than likely to involve AppA. The absence of the B800-850 complex and its interaction with TspO. We have previously suggested that a possible mode of action of TspO in modulating target PS gene expression is through its ability to selectively regulate the efflux of an intermediate(s) involved in porphyrin synthesis (30, 32) . We hypothesized that the intermediate could serve as a coactivator (or corepressor) of a critical regulatory protein, namely, AppA in the former case or PpsR in the latter. In the wild-type strain, the absence of tspO would promote the accumulation of photopigments. However, since the B800-850 complex is the major repository for Bchl and Crt and since it is part of the PpsR/ AppA regulon, we reasoned that the absence of the B800-850 complex would minimize the effect of the absence of tspO. Therefore, the accumulations of Bchl and Crt were compared in B800-850 mutants with and without a functional tspO gene. As shown in Table 3 , although the absence of TspO in the B800-850 mutant background resulted in no apparent increase in pigment accumulation, tspO in trans, when present in multiple copies, led to a decrease in both Bchl and Crt accumulation to below those levels found for PUC-ZWT or the double mutant PUCB-TSPO under semiaerobic or anaerobic conditions. Thus, the TspO effect is epistatic to the absence of B800-850 in leading to changes in pigment production, since TspO acts on but not through the puc operon. This contrasts with the effect of TspO acting through AppA, where no differences are observed between the absence and presence of B800-850. Also notable here is the overall decreased levels of photopigment production in the B800-850 mutant strain. Since it is only the presence of the B800-850 apoproteins which is altered and yet overall pigment production has declined, it is suggested that the absence of the B800-850 apoproteins leads to an apparent feedback effect upon photopigment production. Since this presumed feedback effect is dominant to the absence, but not the presence, of extra copies of tspO, it is suggested that the levels of the coactivator of AppA are decreased, making PpsR repression more effective in either circumstance (Fig. 1) .
Because the puc mutation used here involves an insertion of lacZ into the pucB gene, we were also able to directly monitor expression of puc under these same experimental conditions (Table 5 ). It was found that there was no obvious increase in ␤-galactosidase activities of the double mutant PUCB-TSPO over those of PUC-ZWT. On the other hand, extra copies of tspO in the PUCB-TSPO mutant background resulted in measurably decreased LacZ activity compared to either the single or the double mutant strains. This suggests, much like the results described above, that extra copies of tspO lead to a decrease in the presumed coactivation of AppA, presumably by increasing the efflux of the critical porphyrin molecule (Fig.  1) such that the effectiveness of PpsR is enhanced. This result is consistent with the photopigment data in Table 3 , since puc and a number of the photopigment genes are under the control of the PpsR/AppA repressor/antirepressor system (31, 34) . Supporting this conclusion are the results depicted in Fig. 3 . When multiple copies of hemN are present in PUC-ZWT or PUCB-TSPO, there is no effect on puc expression, unlike what is observed for wild type. This suggests that further changes in porphyrin levels are ineffective in enhancing target gene expression, i.e., there is no hemN-stimulated expression of puc (30) , presumably because the porphyrin pathway is already flooded (Fig. 1) . However, when extra copies of tspO were present, we observed a small but significant decline in puc operon expression, which we assumed to be the result of the decreased level of the coactivator of AppA as the result of increased porphyrin efflux.
Finally, our data show that TspO had no effect on the expression of the puf operon, which is not under the control of the PpsR/AppA regulon, under any conditions (31, 34; data not shown). These data further support the above findings that TspO selectively regulates PS gene expression through the PpsR/AppA regulon and is independent of the Prr and FnrL regulons (5) (6) (7) (8) (30) (31) (32) (33) (34) .
Formation of tetrapyrrole intermediates in wild-type and mutant strains of R. sphaeroides. It had been previously reported that TspO appears to be involved in controlling the efflux of tetrapyrrole intermediates from the cells. Our earlier results also indicate that the effects of hemN in trans and the absence of tspO appear to be similar, and we hypothesized that tetrapyrrole intermediates likely to be derived from coproporphyrinogen III might act as coactivators of AppA and thereby reduce the effectiveness of the PpsR repressor. In an effort to obtain further insight into the role of porphyrins, we have analyzed those intermediates in tetrapyrrole synthesis which Table 3 footnotes for descriptions of growth conditions.
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TspO AS A MODULATOR IN R. SPHAEROIDES 6359 accumulated within and/or outside cells of the wild-type and mutant strains of R. sphaeroides (30) . First, we analyzed the accumulation of porphyrin precursors in resting cell suspensions incubated with an excess of ALA under semiaerobic conditions (Fig. 4) . The elution time for each peak in HPLC was confirmed by the use of standard porphyrin acids; these times are quite reproducible, and the abundance of each peak is readily quantitated. It is evident that the types and relative amounts of porphyrin precursors that accumulated in resting cells of the wild type (Fig. 4, dashed  line) were different from those excreted from the same cells (Fig. 4, solid lines) , which also indicates that the resting cells were intact when incubated in the presence of chloramphenicol and excess ALA. Importantly, porphyrin excretion from resting cells (Fig. 4, solid lines) contained mainly coproporphyrin III (peak 7), whereas uroporphyrin (peaks 1 and 2) and early decarboxylation products of uroporphyrinogen (heptacarboxylic porphyrin [peaks 3 and 4], hexacarboxylic porphyrin [peak 5], and pentacarboxylic porphyrin [peak 6]) were accumulated in the resting cells (Fig. 4, dashed line) . On the other hand, little or no protoporphyrinogen IX or other oxidative decarboxylation products of coproporphyrinogen III (peaks 8 and 9) were detected in either the cell-free supernatant or the cellular extract. In general, lower levels of uroporphyrinogen III or products derived therefrom were accumulated in cells bearing the tspO mutation. Of further importance here is that different levels of porphyrin precursors were observed to be accumulated inside and outside resting cells containing the appA mutation. As is evident from Fig. 4 , the AppA null mutant cells accumulated substantially decreased amounts of coproporphyrinogen III (peak 7) relative to those observed for the wild-type cells or for cells containing the puc operon lesion. In fact, it appears with respect to porphyrin accumulation that the appA mutation is epistatic to the tspO lesion in terms of the derived profile. In the wild type, TSPO1, and the strains containing the Puc lesions, the levels of peak 7 accumulated were ϳ3.75 Ϯ 0.40 arbitrary units. For the strains containing the AppA lesions, these same values were ϳ1.58 Ϯ 0.34 arbitrary units. These units represent the areas under the curve for each of the peak 7 profiles.
Because the addition of exogenous ALA to resting cells presents its own problems as to pigment accumulation in R. sphaeroides (18) , we elected to directly monitor the levels of porphyrin intermediates in growing cells without the addition of ALA. Figure 5 is a profile of excreted porphyrins from the wild-type and mutant strains of R. sphaeroides. Without the addition of ALA, internal porphyrin levels were too low to measure.
What is evident from Fig. 5 is that the addition of extra copies of tspO leads to enhanced excretion of coproporphyrin III (peak 7) by a factor of 4 to 7 from both the wild type and PUC-ZWT. In the absence of tspO, there appears to be little difference in porphyrin excretion in these strains, although the critical element is what is taking place inside the cells. Whereas wild type and PUC-ZWT are generally similar in terms of their excretion patterns, strains containing the appA mutation are different, showing enhanced excretion of peak 6 by a factor of at least 10, and extra copies of tspO do not lead to increased coproporphyrin III excretion (peak 7).
DISCUSSION
Studies from this laboratory have suggested that the repressor/antirepressor system, PpsR/AppA, is able to sense the redox state of the quinone pool through the flavin which is bound to AppA, and thus, AppA has been suggested to regulate the repressor activity of PpsR (Fig. 1) . We have interpreted these results to suggest that, when AppA is in a more oxidized state, it is ineffective as an antirepressor of PpsR and its antirepressor activity increases as it become more reduced. The effectiveness of AppA could result from its ability to control the oligomerization of PpsR through the two PAS domains found in PpsR (5, 7). Initially and apparently unrelated to PpsR/ AppA were our findings that the outer membrane protein TspO, which appears to be involved in the efflux, or control of the efflux, of porphyrin intermediates from the cell, especially coproporphyrinogen III, is able to exert partial control, selectively, of PS gene expression. An enigma regarding mutations of tspO has been the observations that (i) the resulting small, but discernible, increase at low oxygen tension of Bchl and Crt appears to be the result of the increased transcription of the same target genes as regulated by the PpsR/AppA system and, (ii) although the effect of TspO appears to be through the repressor/antirepressor regulon, it is only partial at best, never approaching the actual loss of the repressor protein itself and its subsequent major effect on downstream gene transcription (Fig. 1) . Further, and importantly, the effect of TspO is transient, observable only during the induction of the photosynthetic apparatus as cells proceed from aerobic to anaerobic growth. Thus, TspO only modulates target gene expression, normally slowing the induction process, but not reversing it.
We therefore reasoned that if TspO works through the repressor/antirepressor pathway, it would be more likely to act through AppA than PpsR (30, 32) , since, unlike AppA, PpsR is not known to bind any ligands. Therefore, we put forth the hypothesis that some porphyrin product downstream of coproporphyrinogen III (protoporphyrin IX, heme) serves as a coactivator of AppA; the fact that extra copies of hemN produce a TspO-minus-like phenotype in the wild type is in keeping with this hypothesis (30) . The fact that extra copies of tspO reverse the hemN effect is further evidence that TspO acts through the porphyrin pathway.
In the present study, we address these questions, and the data support the hypothesis that TspO is likely to act through the PpsR/AppA system, since in all of these studies lesions in appA yield a phenotype which is epistatic to the tspO lesion FIG. 4 . HPLC analysis of the porphyrin precursors accumulated in the cells (dashed line) or excreted from the cells (solid line) of wild-type R. sphaeroides 2.4.1 and its mutant derivatives. Cells in 100 ml of Sistrom medium were grown semiaerobically, collected by centrifugation (15 min, 10,000 ϫ g), washed with 0.1 M potassium phosphate buffer (pH 7.0) two times, and then incubated in 100 ml of 0.1 M potassium phosphate buffer (pH 7.0) containing 80 M chloramphenicol and 0.2 mM ALA for 6 h with sparging with 2% O 2 -1% CO 2 -97% N 2 (30) . Peaks: 1 and 2, uroporphyrins I and III, respectively; 3 and 4, heptacarboxylic porphyrins I and III, respectively; 5, hexacarboxylic porphyrin III; 6, pentacarboxylic porphyrin; 7, coproporphyrin III; 8, 9, and 10, deuteroporphyrin derivatives.
regardless of which of the various phenotypes is being examined, i.e., target gene transcription, pigment accumulation, or spectral complex levels. Quantitatively, these effects are only partial relative to the full effects noted when either appA or ppsR is mutated. This is in keeping with the transient role of TspO. The fact that the interactions between AppA and TspO are quite specific is illustrated when we examine the pucB/tspO double mutations. In these strains, the effect of the absence of the B800-850 complex, although levels of pigment decrease as expected, is nonetheless still subject to TspO-related control, as judged by the effects observed when extra copies of tspO are present in trans. Consistent with this interaction is the complete dominance of the AppA lesion even in the presence of extra copies of hemN. This result also serves to relate porphyrin levels to the TspO effect, which we have interpreted as suggesting the existence of a coactivator of AppA, whose levels determine in part the strength of the AppA effect.
Examination of the levels and kinds of porphyrin excreted from growing cells of R. sphaeroides reveals that there is increased coproporphyrin III being excreted when tspO is provided in trans, which is accompanied by decreased target gene expression and pigment accumulation. We have, therefore, assumed that either protoporphyrin IX or heme can serve as a coactivator of AppA and that the levels of the coactivator depend upon the conversion of coproporphyrinogen III to porphyrinogen IX, which is in some way related to the levels of uroporphyrinogen III accumulated and/or coproporphyrin III excreted. However, there are other possible interpretations given the complexity of porphyrin metabolism in R. sphaeroides. It is also clear that the kinds and amounts of porphyrin precursors accumulated in the AppA mutant strains are quite different from those in other strains, supporting the concept that AppA acts downstream of TspO but in the same regulatory circuit. However, this evidence, although implicating porphyrin metabolism, does not define which porphyrin(s) is involved. FIG. 5 . HPLC analysis of the porphyrin precursors excreted from growing cells of wild-type and mutant strains of R. sphaeroides grown semiaerobically. Culture solution (500 ml) was collected by centrifugation (10,000 ϫ g, 15 min) for the analysis of excreted porphyrin precursors. Peaks: 1 and 2, uroporphyrins I and III, respectively; 3 and 4, heptacarboxylic porphyrins I and III, respectively; 5, hexacarboxylic porphyrin III; 6, pentacarboxylic porphyrin III; 7, corproporphyrin III; 8, 9, and 10, deuteroporphyrin derivatives.
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Given the above interpretation, we can consider why the TspO effect is only partial and never quantitatively as great as what would be observed if PpsR were fully inactivated (Fig. 1) . One possible explanation among several is that the coactivation of AppA by a porphyrin never leads to the full activation of AppA which follows the reduction of the bound flavin through its interaction with the quinone pool. Thus, the activation by porphyrin precursor(s) is designed only to modulate or influence the repressor/antirepressor system through the state of AppA, not to inactivate it. This suggestion fits with the observation that TspO only slows the induction process during the transition from aerobic to anaerobic growth (30) (31) (32) (33) . The model that we have constructed here is a basis for further experimentation.
Recently, a homologue of the TspO protein in Sinorhizobium meliloti (2) was found to be required for the expression of the ndi locus in response to the stress conditions imposed upon the cells. Further, there is evidence that the S. meliloti TspO acts through or in addition to the FixL regulatory system. These authors further demonstrate that R. sphaeroides TspO could function in this system. Therefore, if we consider the data presented for R. sphaeroides (30) (31) (32) (33) and S. meliloti (2) and the mitochondrial studies (2, 15, 17, 28, 29) , we are left with the impression that the TspO system is probably ancient and important where it occurs and that it generally operates through a conserved mechanism, although the genes ultimately regulated may differ among organisms.
